Frozen ground in discontinuous permafrost zones is characterized by complicated spatial distribu tion and large seasonal fluctuations in unfrozen water contents.Direct current(DC)resistivity imaging performed in the northeastern Mongolia,Daisetsu Mountains of northern Japan and Kanchanjunga Himal of eastern Nepal demonstrate this technique as an effective method for observing frozen ground characteristics which supplemented with additional observation such as ground temperature measure ments.DC resistivity imaging is shown to be useful for delineating isolated frozen ground and buried ice bodies in the areas with large topographic and subsurface inhomogeneties.Seasonal changes in resistivity values at the Mongolian site are related to the spatio-temporal changes in soil water condition both in the active and upper layers of the permafrost.These are advantages unique to DC resistivity imaging that are not found with conventional methods such as one-dimensional geophysical soundings of plane-layer approximations,excavation and time-domain reflectometry(TDR)measurements.
Therefore,the resistivity values of a frozen material are generally two or three orders of magnitude higher than those of an unfrozen material (e.g. Hoekstra and McNeill,1973; Harada et al.,1991; . Conventional DC resistivity sounding involves the placement of simple four-electrode arrays and has been the most common ly used geophysical technique for identifying the occurrence of frozen ground in mid-lati tude high mountains (Fisch et al.,1977; King et al.,1987; Barsch and King,1989; Evin and Fabre,1990; Hoelzle,1993; Evin et al.,1997; Berthling et al.,1998; Ishikawa and Hirakawa, 2000) ,circumpolar areas (Seguin,19.78; Seguin and Frydecki,1990; Gilmore and Clayton,1997; Harada and Yoshikawa,1998; and Antarctica (McGin nis et al.,1973 (Griffiths and Barker, 1993; Loke and Barker,1995; .This technique yields details of subsurface struc ture both horizontally and vertically,and is considered effective for investigating frozen ground under complicated topography and/or subsurface structures (Hauck and Vo nder Muhll,1999; Kneisel et al.,2000; Ishikawa et al.,2001; Vonder Muhll et al., 2001; Ishikawa,2003; Ishikawa et al.,2003a; Reynard et al.,2003) .Repeated(time-lapse) DC resistivity imaging has been shown as use ful for observing groundwater movements (e.g. Daily et al.,1992; Barker and Moore, 1998) and for monitoring seasonal changes in unfrozen water contents in the mountain permafrost of European Alps (Hauck,2002) .
The author has applied DC resistivity imag ing in the summit area of the Daisetsu Moun tains of northern Japan and Kanchanjunga Himal of eastern Nepal( Fig.1 for location) to delineate frozen ground and ice cores within rock glaciers (Ishikawa et al.,2001; Ishikawa,2003) .Recently frozen ground hydrothermal conditions have been inten sively observed in the northeastern part of Mongolia (Fig.1) ( 1) where Vis the measured voltage in millivolts, and I is the injected current in milliamps.K is the geometrical coefficient calculated by (2) where n and a are the parameters related to the electrode array configuration(i.e.n=1, 2,3,.....,and a is the unit electrode spacing in meters,ref Fig.2 ).Using this configuration each survey line includes more than 400 datum points under the total number of electrode points to be 30. (Loke and Barker,1995; that determine the resistivity of the rectangu lar blocks to minimize differences between calculated and measured apparent resistivity values.The least-squares equation is given by The case study involved a once-per-month application of DC resistivity imaging to moni tor moisture conditions beneath a slope underlain by frozen ground in northeastern Mongolia at the southern boundary of the Eurasian discontinuous permafrost zone(ref. Brown et al.,1998 (Fig.4) moisture conditions spatially by drilling and excavating and concluded that the occur rence of permafrost is restricted to the northe rn forested slopes and flat pasture plains. That study also pointed out the potential effects of frozen ground on higher water con tents beneath the northern forested slopes.
Subsequent observations were directed toward monitoring seasonal changes of sub surface hydrothermal conditions within the active layer and upper part of the permafrost in terms of land-surface hydrology.Time lapse DC resistivity imaging was applied on permafrost underlying a northern forested slope composed of talus-derived angular grav els supported by finer sandy silt material.Pro files of ground temperature and soil water content were also continuously monitored adjacent to the survey line of DC resistivity imaging.PT-100 temperature sensors and cal ibrated ECHO soil moisture probe (ECHO-10 Dielectric Aquameter,DECAGON Inc.) that measure dielectric properties of soils were installed at several depths to a maxi mum of 3.2m.Data were sampled at 10-min intervals and stored in the data-logger. For a more realistic presentation of tempor al resistivity changes,the anomaly index A n was considered,given by Hauck(2002) as, Decreases in soil water content were also demonstrated by one-dimensional measure ments(using ECHO probe)from July 1 to August 24 at depths between 0.4 and 1.2 m (Fig.5) ,where the values of DC resistivity increased.This is not the case for the period between August 24 and September 20. The most pronounced feature of DC resis tivity imaging is the ability to investigate two dimensional subsurface structures that can not be surveyed even with direct and/or one dimensional observations such as drilling and excavating.Buried ice bodies in the glacier derived rock glacier in the Kanchanjumga Himal could not be delineated by direct and indirect onedimensional measurements such as drilling and DC resistivity sounding,but was delineated by DC resistivity imaging (Ishikawa et al.,2001 ).
Results and interpretations

Hydrological application
DC resistivity imaging does not disturb ground composition and structure,and would have great advantages for hydrological investigation of frozen ground,especially in large inhomogeneous areas,providing not only spatial distribution of frozen ground but also temporal changes in subsurface water conditions.Although further calibration between resistivity values and soil water con tent are needed,the changes in resistivity val ues through time-lapse DC resistivity imaging reflect drying processes in the active layer and increasing in content of unfrozen water in the permafrost both temporally.and spa tially (Fig.4) .These features are not found in conventional one-dimensional methods for monitoring soil moisture.For example, sampling/drying and time domain reflectom etry methods(TDR;e.g. Topp et al.,1980) 
